ABSTRACT: P. glehnii, an evergreen conifer found in northern areas, is known as a cold-resistant species. In this experiment, we measured the water content, PSⅡ efficiency, chlorophyll fluorescence, pigments of the xanthophyll-cycle and activity of enzymes of the ascorbate-glutathione cycle during cold acclimation and at subsequent low-temperature conditions to examine the importance of acclimation to cold tolerance. P. glehnii showed a decrease in PSⅡ efficiency (especially in Fv) during cold acclimation and at subsequent low temperatures. However, cold-acclimated needles showed higher PSⅡ efficiency at low temperatures than nonacclimated needles. In addition, 0-YON (first-year needles) showed an increase in β-carotene and lutein, while 1-YON (one-year-old needles) immediately developed an antioxidant mechanism in the ascorbate-gluthathione cycle as soon as they were exposed to low temperature and both 0-YON and 1-YON showed increased zeaxanthin and de-epoxidation ratios at continuous low temperature. Based on our results, we suggest that P. glehnii maintain PSⅡ efficiency at low temperature by effectively protecting the photosynthetic apparatus from photo-damage by rapid induction of an antioxidant mechanism in 1-YON and dissipation of excess energy by β-carotene and lutein in 0-YON.
INTRODUCTION
P. glehnii is an evergreen conifer distributed in southern Siberia and northern Japan. This plant is commonly called Sakhalin spruce and is known as a cold-resistant species that can survive at extreme low temperatures during winter. Cold acclimation is a very important factor facilitating survival of plants at low temperatures especially in the northern zone. In the temperate zone, a gradual decline in temperatures in late autumn acts as a cue of the coming winter, causing woody plants to initiate various cold resistance mechanisms, such as increased levels of ABA (Veisz et al. 1996) , changes in fatty acids (Murelli et al. 1995) , and growth restriction (KacperskaDalacz 1978) . Cold-acclimated Arabidopsis, spinach, and cabbage survived even at freezing temperatures despite being herbaceous plants, and winter cereals showed higher resistance to photoinhibition at low temperature after acclimation at 5℃ (Öquist and Huner 1991, Strand et al. 1999) .
Worldwide, the average air temperature is gradually increasing due to human activities and elevated temperatures are disturbing the process of cold acclimation in perennial plants (Heide 1993) . Therefore, many plants are put at risk of temperature shock by sudden exposure to slow temperatures without proper cold acclimation. This phenomenon can cause more severe damage in high-latitude plants than low-latitude plants. Plants may suffer serious consequences from cold damage even at above-zero temperatures in early spring when the cold-acclimation process was not properly completed, and this damage has negative effects on the productivity of woody plants (Pearce 1999) . The purpose of our study was to determine the mechanisms related to cold resistance in the photosynthetic apparatus of first-year needles (0-YON) and one-year-old needles (1-YON) and to determine whether the protective mechanisms are induced directly by the cold-acclimation process. We investigated the capacity for CO2 fixation, relative water content, PSII efficiency, chlorophyll fluorescence, xanthophyll-cycle pigments, and activity of enzymes related to the ascorbate-gluthathione cycle of P. glehnii, a cold-resistant species during cold acclimation, at subsequent low temperatures, and during a recovery period.
MATERIALS AND METHODS

Experimental Design
We divided a sample of 30～35 cm saplings into two sets. One set, the non-acclimated group, was grown in a growth chamber at Photochemical Response in 0-Year-Old and 1-Year-Old Needles of Picea glehnii during Cold Acclimation and Low Temperature
Bae, Jeong-Jin 1,2 , Toshihiko Hara 1 and Yeon-Sik Choo 2 * 25/20℃ (day/night), the other set, the cold-acclimated group, was kept at 15/10℃ for 10 days and then at 5/0℃ for 10 days. A photoperiod of 12 h was used for all acclimation stages. We used low irradiance (100 μmol m -2 s -1 ) to prevent serious photoinhibition by low temperatures. Non-acclimated and cold-acclimated plants were then randomly divided into two groups: a control group and a treatment (chilling) group. Saplings were placed at 0/0℃ (for the chilling group) or 25/20℃ (for the control group) under the same conditions. After temperature treatment, all plants were allowed to undergo a two-week recovery process.
Determination of Water Content
The relative water content (RWC) was calculated according to the following equation: RWC (%) = (FW -DW) / (TW -DW) × 100, where FW = fresh weight, DW = dry weight, and TW = turgid weight. The dry weight of the samples was measured after drying for 72 h in an oven at 80℃ and turgid weight was measured after holding samples for 12 h in distilled water at 4℃ (Cameron et al. 1999 ).
Extraction and Analysis of Pigments
Total chlorophyll and carotenoids in P. glehnii needles was measured using the method of Gilmore and Yamamoto (1991) with slight modifications. Frozen needles (about 50 mg) were homogenized with liquid nitrogen and extracted with 100% (v/v) acetone. The extract was centrifuged at 4℃ for 3 min at 14,400 rpm, and the supernatant was analyzed for plant pigments using high-perfor- Fig. 1 . Experimental design. mance liquid chromatography (HPLC; ; LC-Vp series, Shim-pack CLC column (150 mm long, 6 mm), Shimadzu, Kyoto, Japan).
Chlorophyll Fluorescence Parameters
We measured chlorophyll fluorescence parameters of needles with a pulse amplitude-modulated fluorometer (PAM 2000, Heinz Walz, Effeltrich, Germany) after dark-adaptation for 15 min at 22℃. Variable fluorescence (Fv) was calculated by subtracting Fo from Fm. We also measured photochemical (qP) and non-photochemical quenching (qN) parameters of chlorophyll fluorescence.
Photosynthetic Rate
We measured CO2 exchange with a portable gas exchange system (LI-6400: LI-Cor, Licoln, NE. USA). The leaf was irradiated at moderate PPFD of 100 μmol m -2 s -1 at the leaf temperature of 25℃.
Extraction and Assay of Ascorbate-Glutathione Cycle Enzymes
Frozen needle samples (about 50 mg) were ground with liquid nitrogen and homogenized with 500 μL of 50 mM potassium phosphate buffer (pH 7.8, containing 0.01 g myo-inositol and PVP, 40 μL of 0.1 mM AsA and 20 μL of 0.1 mM 2Na-EDTA). The homogenate was centrifuged at 15,000 rpm for 10 min at 4℃, and supernatant was assayed for sAPX and GR. For tAPX, we added 40 μL of 0.1 mM AsA, 500 μL of 50 mM potassium phosphate buffer (pH 7.8 containing 0.5% (v/v) Triton X-100) into the re-maining sediment within the tube after extraction of sAPX, centrifuged the mixture with the same conditions, and used the supernatant (the enzyme extract) for activity measurement. To measure the activity of sAPX and tAPX, the reaction mixture (5 μL of 0.1 mM AsA, 985 μL of 50 mM potassium phosphate buffer (pH 7.0) was mixed with 10 μL of plant extracts to a total volume of 1 mL. The reaction was started by adding 0.1 mM hydrogen peroxide (H2O2). For GR, the same reaction mixture was mixed with 10 μL of 0.1 mM 2Na-EDTA (pH 8.0), 10 μL of 100 mM GSSG (oxidized glutathione), 10 μL of 10 mM NADPH, 40 μL of distilled water and 30μL of plant extracts. Enzyme extractions were prepared at 4℃, and assays were determined at 25℃. The APX and GR activity were determined with a UV-visible spectrophotometer (Bemkman DU 7400, U.S.A.) using the molecular extinction coefficients of 2.8 mM -1 cm -1 for AsA at 290 nm and 6.2 mM -1 cm -1 for GR at 340 nm.
Statistical Analysis
The results presented are means ± SE of three independent replicates. Data for cold-acclimated and non-acclimated needles were calculated using ANOVA (completely randomized). The multiple range test after Bonferroni-corrected comparisons was carried out to test for the significance differences (p < 0.05) between cold-acclimated or non-acclimated needles (using SPSS 12.0 for Windows).
RESULTS
Relative Water Content
The cold-acclimation process resulted in a slight decrease in RWC in both 0-YONs and 1-YONs (95 and 97%, respectively, on the 20 th day of cold acclimation). 0-YONs usually had a higher RWC than 1-YONs. However, the RWC recovered to the initial values when the needles were returned to normal (warm) conditions after cold acclimation ( Fig. 2A, B ). In the chilling condition (0℃) after cold acclimation, cold-acclimated 0-YONs and 1-YONs did not show decreases in RWC on the 14 th day after chilling (97% and 104%, respectively) but non-acclimated needles exhibited decreases in RWC and the decrease was more remarkable in 0-YONs than 1-YONs (90% and 96%, respectively) ( Fig. 2C, D) . However, the leaves did not display visible symptoms of tissue damage such as necrosis at low temperature.
CO2 Fixation
During cold acclimation, the efficiency of CO2 fixation decreased sharply by >30% (relative to control plants) as soon as plants were exposed to low temperature (cold acclimation stage1: 15/10℃). However, the photosynthetic activity of P. glehnii needles that had been acclimated to cold progressively during a gradual decline in temperatures recovered to 70% of the control level at subsequent stages of cold acclimation, even at lower temperatures (stage 2; 5/0℃) ( Fig. 3) . 
PSII Efficiency
The initial Fv/Fm was approximately 0.8, but the PSII efficiency decreased as soon as the plants were exposed to low temperature (especially in 0-YONs). However, all 0-YONs and 1-YONs recovered PSII efficiency rapidly and reached the initial values of Fv/Fm when they were returned to normal conditions (25/20℃) after cold acclimation (Fig. 4A, B) . While cold-acclimated needles exhibited a decrease in Fv/Fm during subsequent chilling, they showed higher PSII efficiency than non-acclimated needles at low temperatures and during the recovery period (Fig. 4C, D) . Therefore, we conclude that cold-acclimated needles undergo less photoinhibition at low temperatures than non-acclimated ones, and that cold acclimation increases the ability of the PSII to resist photoinhibition in P. glehnii.
Chlorophyll Fluorescence
Cold-acclimation of P. glehnii led to an increase in Fo (Fig. 5A , B) and a decrease in Fv and Fm (Figs. 6A, B, 7A, B). These changes were more distinct in 0-YONs than 1-YONs, particularly the reduction in the Fv component (Fig. 6A, B) . Fv values of 1-YONs were more stable than those of 0-YONs during cold acclimation, and showed similar patterns such as the drop in Fv during subsequent chilling. (Fig. 6C, D; 14 th day after chilling treatment). From these results, we suggest that cold tolerance and resistance to cold damage in P. glehnii are closely concerned with Fv (the fraction related with reaction centre of PSII).
Photochemical and Non-photochemical Quenching
Under low temperature conditions, 1-YONs actively got rid of excess energy through both of photochemical and non-photochemical quenching, while 0-YONs did so only through non-photochemical quenching because of severe inhibition of photochemical quenching at low temperature (Figs. 8, 9 ). Meanwhile, cold-acclimated 0-YONs and 1-YONs maintained higher levels of non-photochemical quenching during the recovery period after exposure to low temperatures (Figs. 9C, D) . These results suggest that the process of cold acclimation in P. glehnii induces the development of non-photochemical quenching mechanisms related to the recovery capacity and tolerance to cold stress. 
Xanthophyll-Cycle Pigments and De-Epoxidation Ratio
The de-epoxidation ratio of violaxanthin to zeaxanthin increased by 209～458% in cold-acclimated 0-YONs and 1-YONs compared to non-acclimated needles in stage 2 of cold acclimation (on the 14 th day after cold acclimation). Cold-acclimated needles also maintained higher levels of zeaxanthin and de-epoxidation ratios in the subsequent chilling period (Table 1) . 
Lutein and β-Carotene Contents
Low temperatures immediately induced an increase in lutein and β-carotene, especially in 0-YONs, and cold-acclimated 0-YONs maintained increased lutein and β-carotene contents during subsequent chilling (Table 1) .
Ascorbate-Glutathione Cycle Enzymes
Enzyme activity of 1-YONs increased as soon as they were exposed to low temperature (stage 1 of cold acclimation) (Table  2B ). On the other hand, activity levels in 0-YONs decreased at first (in stage 1 of cold acclimation) but then increased at continuous low temperature (in stage 2 of cold acclimation) (Table 2A) . These results suggest that the antioxidation mechanism involving the ascorbate-glutathione cycle in 1-YONs of P. glehnii provides effective protection by acting quickly at low temperature. Although 0-YONs did not show an immediate increase in enzyme activity at low temperature during cold acclimation, they displayed enhanced enzyme activity at continuous low temperature until stage 1 of chilling. In contrast, 1-YONs at low temperature showed a more rapid increase of activities. However, enzyme activity was lower in coldacclimated needles than non-acclimated needles at subsequent low temperatures and remained low until stage 2 of chilling (Table 2B) .
DISCUSSION
Relative Water Content and CO2 Fixation
P. glehnii needles showed a decrease in RWC (Fig. 2) and CO2 0.652 ± 0.117a 1.236 ± 0.225ab 2.669 ± 0.477b 1.476 ± 0.473ab 1.237 ± 0.281ab 2.618 ± 0.032ab 1.337 ± 0.205ab 0.670 ± 0.309a fixation (Fig. 3) during cold acclimation. However, they recovered rapidly when returned to the normal condition of 25/20℃. These results suggest that the effects of low temperature such as the reduction of RWC and CO2 fixation during cold acclimation in this experiment are short-term and temporary phenomena. Although P. glehnii is cold tolerant, this plant showed a decrease in RWC during cold acclimation. However, cold-acclimated needles held a higher level of water than non-acclimated needles in the subsequent chilling condition (0℃, for 2 weeks) (Fig. 2C, D) . The improved water retention ability of cold-acclimated needles may have an important effect on the protection of photosynthetic apparatus at low temperatures.
PSII Efficiency and Chlorophyll Fluorescence
The decrease in PSII efficiency (Fv/Fm) during cold acclimation may be related directly to damage to the PSII complex and interconversion of the xanthophyll-cycle pigments. So then, what parameters are most sensitive to cold, and what mechanism is responsible for cold tolerance in the photosynthetic apparatus of P. glehnii? To elucidate these questions, we measured the fluorescence parameters, Fo, Fv and Fm. Changes in chlorophyll fluorescence can indicate biotic and abiotic stresses on PSII (Kornyeyev et al. 2001) . The decrease in PSII efficiency (Fig. 4A, B ) and sudden decline in Fv (Fig. 6A, B) during cold acclimation were marked in 0-YONs. Cold-acclimated 0-YONs and 1-YONs showed higher PSII efficiency than non-acclimated ones during subsequent chilling (Fig. 4C, D) . Photoinhibition, such as decreased PSII efficiency (due to an increase in the Fo level and a decrease in the Fv level), is a kind of oxidative stresses that may be caused by an imbalance between supply and utilization of energy for photosynthesis at low temperatures. In this experiment, needles previously exposed to a sufficiently low temperature (for examples, 1-YONs that have experienced natural low temperatures in the previous winter and coldacclimated 0-YONs in this experiment) showed less damage to the photosynthetic apparatus at low temperature, whereas needles that had no previous experience of low temperatures exhibited serious damage in the reaction center (decreases in Fv and Fv/Fm) when they were chilled (Fig. 6 ). This result suggests that cold acclimation played a major role in protection of the reaction center of PSII when plants were re-exposed to low temperatures, and also permitted faster recovery of the reaction center when the needles were returned to normal conditions.
Xanthophyll-Cycle Pigments and De-Epoxidation Ratio
The increase in lutein, β-carotein (in stage 1 in 0-YONs) and zeaxanthin (in stage 2 of cold acclimation in 0-YONs and 1-YONs) indicated the development of energy dissipation mechanisms to protect the needles from photodamage. The photoprotective role of pigments of the xanthophyll-cycle has been studied intensively (Demmig-Adams and Adams 1992) : zeaxanthin is an important antioxidant in the thylakoid membrane that diminishes excessive energy through thermal dissipation (Tardy and Havaux 1997) . Recent research also showed a role of lutein in heat dissipation in PSII (Bassi and Caffarri 2000) . In this experiment, high levels of zeaxanthin, de-epoxidation ratios and increased qN in the cold-acclimated needles suggest that non-photochemical quenching through the xanthophyll-cycle plays an important role in the protection and repair of PSII against photodamage in P. glehnii. Similarly, several studies have shown that de-epoxidation is immediately induced by photoinhibition, and that zeaxanthin is engaged in the repair process of PSII (Gray et al. 1997 , Jahns et al. 2000 , Jin et al. 2001 . The interesting thing is that 1-YONs eliminated excitation energy through both non-photochemical and photochemical quenching, while 0-YONs depended almost entirely on non-photochemical quenching for dissipation of excessive energy during cold acclimation in P. glehnii.
Ascorbate-Glutathione Cycle Enzymes
Oxidative stress at low temperatures is induced by the reactive oxygen species (ROS) formed as a result of excess energy reacting on oxygen molecules (Aroca et al. 2001) . Plants have evolved several mechanisms to prevent damage by ROS. Tolerance to an adverse environment is correlated with an increased capacity to scavenge or detoxify ROS (Malan et al. 1990 ). In addition, research on winterinjuries in coniferous needles has shown a correlation between increases in the activities of SOD and APX in winter and freezing tolerance (Jin et al. 1989 , Tao et al. 1992 . In this experiment, the increased antioxidant enzyme activity in 1-YONs (in stage 1 of cold acclimation) as soon as the needles were exposed to low temperatures suggests that enzymes of the ascorbate-glutathione cycle began scavenging ROS immediately to protect the photosynthetic apparatus of 1-YONs against inactivation by cold stress. In coldacclimated 1-YONs, after quickly increasing when exposed to low temperature, the activities of their enzymes then decreased and remained at lower levels. We think that the low activities of antioxidant enzymes in cold-acclimated 1-YONs reflect the avoidance of oxidative stress through a rapid increase in the activities of antioxidant enzymes as soon as the needles were exposed to low temperatures. Similarly, well-acclimated high mountain plants show low levels of non-enzymic antioxidants and antioxidant enzyme activity (Streb et al. 1998) . In contrast to 1-YONs, 0-YONs showed increased enzyme activity during treatment with continuous low temperature (in stage 2 of cold acclimation) and maintained a high level of the activities throughout the treatment. These results su-ggest that the antioxidant defense mechanism of 1-YONs may protect the PSII from initial photo-oxidative damage of PSII by acting rapidly upon exposure to low temperature. In conclusion, when plants are re-exposed to low temperatures, antioxidant enzymes in cold-acclimated needles play an important protective role in preventing photo-oxidative damage by reacting quickly and continuously. In addition, cold-acclimated needles showed non-photochemical quenching of xanthophyll-cycle-dependent thermal energy dissipation at low temperature. The recent increase in the average temperature of the earth resulting from human activities may disturb the cold acclimation process of woody plants. Our results indicate that cold acclimation has a clear association with the development of physiological or biochemical factors facilitating cold tolerance in P. glehnii. Therefore, we predict that when the cold acclimation process is disturbed, woody plants will be a risk of suffering more serious damage as a result of low temperature shock. 
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